Some previous studies demonstrated better survival after transplantation for small hepatocellular carcinoma (HCC) compared with resection, but the influence of differences in tumor invasiveness between transplanted and resected patients has not been studied. This study compared the tumor characteristics of patients with HCC within the Milan criteria treated by resection or transplantation, and elucidated their impact on longterm survival. Patients and Methods: Tumor characteristics and long-term survival of 204 cirrhotic patients with resection and 43 cirrhotic patients with transplantation for HCC within the Milan criteria were compared. A multivariate analysis was performed to determine the prognostic factors of survival in all patients with resection or transplantation. Results: Tumors in the transplanted group were associated with lower incidence of high-grade tumors, microscopic venous invasion, and microsatellite nodules. The overall 5-year survival was better in the transplantation group than the resection group (81% vs. 68%, P ϭ 0.017). However, there were no significant differences in survival between the two groups when stratified according to presence or absence of venous invasion. Multivariate analysis showed that hepatitis C virus serology, tumor size, tumor number, and microscopic venous invasion, but not resection or transplantation, were of prognostic significance. Conclusions: There were significant differences in tumor invasiveness in HCC treated by transplantation and resection as a result of selection bias, even in patients with the tumors fulfilling the Milan criteria. When the different tumor invasiveness was taken into account, there was no significant difference in the long-term survival after resection or transplantation.
H epatocellular carcinoma (HCC) is one of the 5 most common malignancies in the world, and it is associated with cirrhosis related to hepatitis B or hepatitis C virus infection in the majority of cases. 1 Partial liver resection and liver transplantation are the potentially curative treatments for HCC. 2, 3 For patients with compensated (Child-Pugh class A) cirrhosis, liver resection used to be the mainstay of treatment. For early HCC associated with severe cirrhosis (Child-Pugh classes B and C), liver transplantation is universally accepted to be the best treatment. [3] [4] [5] [6] The most well-established criteria for transplantation for HCC are the Milan criteria: solitary tumor Յ5 cm in diameter or 2 or 3 tumor nodules with the largest diameter Յ3 cm, and absence of macroscopic vascular invasion or extrahepatic metastasis. 7 Studies have shown that favorable long-term prognosis with 5-year survival of 60% to 80% can be achieved with liver transplantation for patients with HCC fulfilling the Milan criteria. 3,8 -10 Whether expanded criteria are justified is a controversial issue, 10, 11 and the Milan criteria remain the most widely used criteria in transplant centers around the world. 5, 10, 12 In recent years, some authors advocated liver transplantation as a first-choice treatment of HCC within the Milan criteria even for patients with compensated cirrhosis and preserved liver function, leading to an intense debate on whether hepatic resection or liver transplantation is the treatment of choice for such patients. [13] [14] [15] Several studies have reported a 5-year survival rate of 70% to 75% after resection of small transplantable HCC in cirrhotic patients with preserved liver function, 16 -19 which appeared to be comparable to the 5-year survival reported in transplantation series. Hence, many authors suggested that liver resection should remain the mainstay of treatment of small HCC in cirrhotic patients with well-preserved liver function. 3, 6, 14, 20 In the literature, comparison of survival data was often based on resection and transplantation series reported in different studies. Several studies have directly compared the results of transplantation and resection for HCC. 13, 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] Some of these studies demonstrated that transplantation achieved better survival, 21, 28, 29 while others reported similar survival between resected and transplanted patients. 24, 26, 27 With few exceptions, 18, 26, 29 these studies included patients beyond the Milan criteria and the two groups of patients were not similar in tumor criteria, making interpretation of the results difficult.
Even when comparing patients with apparently similar tumors according to the Milan criteria, there is a possible bias due to natural selection of biologically favorable tumors in patients who undergo transplantation, as patients with aggressive tumors may drop out of the waiting list as a result of tumor progression. 18 There is no such a selection in those who undergo resection. The potential implication of such a difference in tumor biology has not been addressed in previous studies. Hence, we performed a study to evaluate the differences in tumor invasiveness between a group of resected cirrhotic patients and a group of transplanted patients, both with HCC fulfilling the Milan criteria, and to elucidate the influence of such a difference on long-term survival after resection and transplantation.
PATIENTS AND METHODS
Between January 1995 and December 2004, 204 cirrhotic patients with HCC within the Milan criteria underwent hepatic resection, and another 43 cirrhotic patients with HCC within the Milan criteria underwent primary liver transplantation at the Department of Surgery, University of Hong Kong, Queen Mary Hospital, Hong Kong, China. These patients had HCC within the Milan criteria as confirmed by pathologic examination of the specimens. Patients with incidental finding of HCC in the explants were excluded from this study.
In our unit, liver resection is considered the first line therapy for patients with Child-Pugh class A cirrhosis, and for selected patients with Child-Pugh class B cirrhosis in whom the tumor(s) could be removed by minor resection of 2 segments or fewer. 2 The techniques of liver resection and perioperative management in our unit have been described in detail elsewhere. 2, 30 Liver transplantation is generally reserved for patients with Child-Pugh class B or C cirrhosis whose liver function reserve was not adequate for liver resection, although in some patients with Child-Pugh class A cirrhosis, liver transplantation was offered when the number and site of the tumors precluded safe hepatic resection. In general, only patients younger than 65 years were considered for transplantation, although this was not a strict criterion and the physiologic status of the patients was taken into consideration. Of the 43 patients who underwent liver transplantation, 13 patients (30.2%) received deceased donor liver transplantation and the other 30 patients (69.8%) received live donor liver transplantation using right lobe grafts. Because of the relative shortage of deceased donor liver grafts and the prevalence of HCC in Hong Kong, there was no prioritization of deceased donor liver grafts for patients with HCC in our unit. Details of our preoperative evaluation of live donors and HCC recipients, the techniques of right lobe live donor liver transplantation, and perioperative management including immunosuppressive and antiviral therapies have been described elsewhere. 31, 32 Data on preoperative host and tumor characteristics, perioperative outcomes, pathologic data, and long-term survival of all patients were prospectively collected in a research database. Presence or absence of microscopic venous invasion was determined based on histologic examination of serial sections of the resected specimens. Histologic tumor differentiation was determined using the Edmonson-Steiner grading. 33 Eight patients with deceased donor liver transplantation received transarterial chemoembolization before transplantation as a bridge therapy. Patients with resectable HCC were offered resection immediately after diagnostic workup without any preoperative therapy, except for 2 patients who received transarterial chemoembolization before referral to our center. All patients were regularly followed in the outpatient clinic by the surgical team, with regular surveillance for recurrence by serial alpha-fetoprotein (AFP) and helical contrast computed tomography (CT) every 3 months. Intrahepatic tumor recurrences were managed with reresection, transarterial chemoembolization, or radiofrequency ablation according to the tumor status and liver function at the time of recurrence. Follow-up data were complete in all patients, with a median follow-up of 53 months (range, 8 - 
Statistical Analysis
Comparisons of the tumor characteristics, perioperative and long-term outcomes of the two groups of cirrhotic patients with HCC fulfilling the Milan criteria treated by liver resection and liver transplantation, respectively, were performed based on the prospectively collected data. Comparison of categorical variables was performed using the 2 test with Yates' correction (or Fisher exact test where appropriate). Continuous variables were expressed as median (range) and compared between groups using the Mann-Whitney U test. Long-term overall and tumor recurrence-free survivals were computed using the Kaplan-Meier method and compared using the log-rank test. Hospital mortality, defined as any death within the same hospital admission for the treatment, was included in the overall survival analysis but excluded from the recurrence-free survival analysis. Overall survival was considered the primary treatment outcome for analysis. Multivariate analysis of prognostic factors of overall survival was performed using the Cox proportional hazards model. An intention-to-treat comparison of the overall survival of all patients who had HCC fulfilling the Milan criteria according to preoperative imagings and were listed for resection or liver transplantation during the same period was also performed. A P value Ͻ0.05 was considered statistically significant. All statistical analyses were performed using SPSS for Windows 11.5 (SPSS Inc., Chicago, IL). Table 1 shows the comparison of baseline demographic data and tumor characteristics of patients with liver resection and those with liver transplantation. Patients in the resection group were significantly older than those in the transplantation group (P ϭ 0.022). The majority of HCCs in both groups were related to hepatitis B virus infection. Most patients in the resection group had Child-Pugh class A cirrhosis, whereas the majority in the transplantation group had ChildPugh class B or C cirrhosis. A higher proportion of patients in the resection group presented with symptoms (P ϭ 0.033), most commonly pain, whereas in the transplantation group most patients had tumors detected by ultrasound or elevated AFP during regular surveillance. Serum AFP was significantly higher in the resection group (P ϭ 0.037), and tumor size was also significantly larger in the resection group than those in the transplantation group when compared either as a continuous variable (median, 3.0 cm vs. 2.5 cm, P ϭ 0.011) or as a binary variable of Յ3 cm versus Ͼ3 cm (P ϭ 0.009). However, the transplantation group had a higher proportion of oligonodular (2 or 3) tumors than the resection group (P ϭ 0.002). All HCCs in the transplantation group were well differentiated or moderately differentiated, whereas 32 patients (15.7%) in the resection group had poorly differentiated HCC. The rate of microscopic venous invasion was significantly higher in the resection group (29.9% vs. 13.9%, P ϭ 0.033). Even when stratified by tumor size, the rate of microscopic venous invasion was higher in the resection group than the transplantation group for both tumors Յ3 cm (25.4% vs. 14.7%) and tumors Ͼ3 cm (36.0% vs. 11.1%).
RESULTS

Demographic Data and Tumor Characteristics
Patients in the resection group also had a higher incidence of microscopic satellite nodules (P ϭ 0.047). Table 2 shows the perioperative outcomes of the two groups. There were no significant differences in hospital mortality and morbidity, but the transplantation group had significantly more operative blood loss, higher transfusion rate, and longer hospital stay. Figure 1 shows the cumulative overall survival curves of the two groups of patients. Patients in the transplantation group had significantly better survival compared with those in the resection group (5-year survival 81% vs. 68%, P ϭ 0.017). However, when stratified by the presence or absence of microscopic vascular invasion, there was no significant difference between the transplantation and resection groups in the overall survival among those without microscopic vascular invasion (5-year survival 82% vs. 77%, P ϭ 0.125, Fig. 2 ), or those with microscopic vascular invasion (P ϭ 0.342). Within the transplantation group, there was no significant difference in survival between Child-Pugh class A, B, or C patients. By the time of analysis, 52 patients in the Tumor recurrence-free survival was significantly better in the transplantation group than in the resection group (5-year recurrence-free survival 84% vs. 44%, P Ͻ 0.001, Fig. 3 ). For patients without microscopic venous invasion, there was also a significant difference in recurrence-free survival between the transplantation group and the resection group (5-year recurrence-free survival 85% vs. 49%, P Ͻ 0.001).
Perioperative Outcomes
Long-term Survival
The influence of the factors listed in Table 1 and the treatment group on long-term survival was evaluated after combining the two groups of patients with resection and transplantation. The following factors were associated with worse prognosis on univariate analysis: positive hepatitis C virus antibody, symptomatic presentation, tumor diameter Ͼ3 cm, oligonodular tumors, presence of microscopic venous invasion, presence of microsatellite nodules, and treatment by resection (Table 3) . Gender, age, hepatitis B surface antigen status, severity of cirrhosis, and tumor differentiation did not have statistically significant prognostic influence, although there was a trend toward better survival in patients with well-differentiated HCC compared with those with moderately or poorly differentiated HCC (P ϭ 0.072 and P ϭ 0.069, respectively). Those significant prognostic factors identified by the univariate analysis were entered into a Cox proportional hazards model, which revealed 4 independent adverse prognostic factors: positive hepatitis C virus antibody, tumor diameter Ͼ3 cm, oligonodular tumors, and the presence of microscopic venous invasion ( Table 4 ). The treatment (resection or transplantation) was not a significant prognostic factor of overall survival on multivariate analysis. Figure 4 shows an intention-to-treat comparison of survival of patients who had HCC compatible with the Milan criteria according to preoperative imagings and were listed for resection (n ϭ 228) or transplantation (n ϭ 85) during the study period. There was no significant difference in survival between the two groups (5-year survival 60% vs. 44%, P ϭ 0.088). Among the 228 patients listed for resection, 226 patients successfully underwent resection, including 22 patients found to have HCC beyond the Milan criteria on pathologic examination of the resected specimens. Two patients were found to have unresectable disease after laparoscopy or laparotomy. Among the 85 patients listed for transplantation, 50 patients underwent transplantation, but 7 were found to have HCC beyond the Milan criteria on pathologic examination of the explants. Thirty-five patients (41.2%) dropped out of the waiting list for transplantation. Tumor progression was the reason for dropout in the majority of cases (n ϭ 21). The median waiting time until dropout in this group of patients was 12.5 months, whereas the median waiting time of the patients who received liver transplantation was 1 month. Of the 35 patients who dropped out of the transplantation list, 7 were initially assessed for live donor liver transplantation but were subsequently put on the deceased donor graft waiting list because the potential live donors were not suitable, whereas the other patients were listed for deceased donor liver transplantation from the outset. Fifteen of the 35 patients received transarterial chemoembolization and 5 patients received local ablative therapies with either ethanol injection or radiofrequency ablation for control of the tumors while they were in the transplantation waiting list.
DISCUSSION
In this study, we compared the tumor characteristics and survival results of 2 cohorts of cirrhotic patients with HCC strictly within the Milan criteria who underwent partial liver resection and liver transplantation, respectively. The two groups were different with respect to the severity of underlying cirrhosis as a result of our selection policy for liver transplantation. Because of severe graft shortage in Hong Kong, we restricted liver transplantation mainly to patients with Child-Pugh B or C cirrhosis in whom resection is contraindicated. The degree of cirrhosis may affect the perioperative outcomes. Nonetheless, there were no significant differences in hospital morbidity and mortality between the resection and transplantation groups, and there was no hospital mortality in the transplantation group. The difference in the severity of cirrhosis between the two groups may not have a significant effect on the long-term survival of the patients. In the transplantation group, long-term prognosis mainly depends on recurrence of tumors or immunosuppressionrelated complications rather than the preoperative severity of cirrhosis. Indeed, previous studies have demonstrated that Child-Pugh class was not a significant prognostic factor of survival after transplantation. 24, 34 Tumor recurrence is the main cause of death after both liver resection and liver transplantation for HCC, as demonstrated by data from this study and other studies. 19, 24, 29, 34, 35 Hence, it is important to elucidate the tumor characteristics when comparing liver resection and transplantation for small HCC. In the literature, the relative efficacy of resection and transplantation for small HCC was often extrapolated from comparison between published results of each treatment of HCC fulfilling the Milan criteria, assuming that tumors smaller than 5 cm are early HCCs with similar tumor biology between resected patients and transplanted patients. However, it has been argued by some authors that the seemingly better results with transplantation versus liver resection may simply reflect the more stringent selection of patients, 17 although no study has specifically addressed this issue thus far. This study demonstrated that, even though only tumors fulfilling the Milan criteria according to pathologic assessment were included in the analysis, there were significant differences in tumor invasiveness in the patients treated by resection and those treated by transplantation.
Our study showed that the resection group had a significantly higher proportion of tumors with microscopic venous invasion than the transplantation group. The resection group had larger tumor size, which was associated with a higher incidence of microscopic venous invasion. 36 However, even when stratified according to tumor size Յ3 cm or Ͼ3 cm, the proportion of tumors with microscopic venous invasion was still significantly higher in the resection group. Tumors in the resection group also had a higher proportion of poorly differentiated HCC and a higher rate of microsatellite nodules. There are two likely explanations for such differences in 4. Cumulative survival curves of all patients listed for resection (n ϭ 228) or transplantation (n ϭ 85) for HCC within the Milan criteria from the time they were put on list by intention-to-treat analysis.
Annals of Surgery
Different Tumor Invasiveness of Resected and Transplanted HCC tumor aggressiveness. First, patients who received transplantation for HCC had undergone a natural selection process in which patients with more aggressive tumor phenotypes such as the presence of microvascular invasion and microscopic metastasis had dropped out of the waiting list because of tumor progression. Such a selection process did not occur in patients who were listed for resection. Second, a higher proportion of patients in the transplantation group had HCC detected by regular screening rather than symptomatic presentation compared with the resection group. Tumors detected by regular screening may represent earlier tumors in terms of biologic aggressiveness compared with patients detected after symptomatic presentation. Regular surveillance with ultrasound and serum AFP level can detect early welldifferentiated HCC in cirrhotic livers, which frequently arises from dysplastic nodules. 37, 38 Indeed, there was a higher proportion of well-differentiated HCC in the transplantation group. Most of the patients in the transplantation group had Child-Pugh class B or C cirrhosis, and they were more likely to be already under the care of physicians with regular surveillance for HCC, whereas Child-Pugh class A patients were less likely to have regular surveillance because they were asymptomatic before the development of HCC.
Microscopic venous invasion has been shown by numerous studies to be the most important adverse prognostic factor for both liver resection and transplantation for HCC. 8, 25, 35, 36, 39 Our study showed a significant impact of the difference in the rate of microscopic venous invasion between resected and transplanted patients on the long-term survival. The overall survival of patients in the transplantation group was significantly better than that of patients in the resection group, as shown by the 5-year survival of 81% and 68%, respectively. Without special reference to tumor characteristics, this result seems to confirm that transplantation is superior to liver resection. However, when stratified according to the presence or absence of microscopic venous invasion, there was no significant difference in the survival result between the transplantation group and the resection group. To evaluate whether treatment with resection or transplantation had a significant independent effect on long-term survival in the whole group of patients, a multivariate analysis was performed, which revealed that tumor factors, but not treatment, were the factors that determined the prognosis. Tumor size, tumor number, and microscopic venous invasion were the independent prognostic factors of overall survival. These factors have been shown to have prognostic significance after resection or transplantation for small HCC. 19, 26, 40, 41 Hepatitis C virus infection was another independent adverse prognostic factor. Previous studies have shown that patients with HCV infection have worse prognosis compared with those with HBV infection after resection because they are prone to a higher risk of multicentric tumor recurrence. 42, 43 Furthermore, the higher incidence of recurrent hepatitis C after transplantation compared with recurrent hepatitis B lowers patient survival independent of tumor recurrence. 4 Tumor recurrence-free survival was significantly better after liver transplantation than after resection, even when patients without microscopic venous invasion were analyzed separately. In liver transplantation, the whole cirrhotic liver and hence the risk of multicentric tumor recurrence are removed. A major argument for the recommendation of liver transplantation over resection for patients with early HCC associated with compensated cirrhosis is the lower tumor recurrence rate. However, liver transplantation is associated with other long-term problems such as graft rejection, recurrent viral hepatitis, or immunosuppression-related complications, which may cause mortality. This explains a similar overall survival after resection and transplantation for HCC observed in some studies despite the higher tumor recurrence rate after resection. 13, 26, 27 Because of the different nature of treatments and the associated long-term problems, overall survival rather than tumor recurrence-free survival should be considered the primary outcome in comparison of the two treatments, as it is the gold standard endpoint of any cancer treatment.
The shortage of donor organs is another factor that should be taken into account in considering whether liver resection or transplantation should be offered for HCC fulfilling the Milan criteria in patients with compensated cirrhosis. Previous studies have demonstrated a high dropout rate of 20% or more among patients with HCC on liver transplantation list if the waiting time is greater than 6 months. 15, 18 Even in countries where patients with HCC fulfilling the Milan criteria are given priority in the transplant waiting list, dropout is still common. 4 Because of the severe shortage of deceased donor organs in Hong Kong, we do not give priority to HCC patients, and our dropout rate is even higher because of the long waiting time of greater than 1 year. To evaluate the impact of dropout on overall survival of patients listed for liver transplantation or resection, intention-to-treat analysis is necessary. 18, 44 Hence, in this study, we also performed an intention-to-treat analysis of patients listed for resection or transplantation who had HCC fulfilling the Milan criteria based on preoperative imagings. Indeed, the survival of the group of patients listed for transplantation was worse than that of the group of patients listed for resection (5-year survival, 44% vs. 60%) because of the high dropout rate in the transplantation group, although the difference was not statistically significant. The dropout rate from the waiting list in our center was high despite the application of live donor liver transplantation in a large proportion of transplanted patients. The use of live donor liver grafts expands the application of liver transplantation for HCC. 45, 46 However, the impact of live donor liver transplantation on the management of HCC remains limited. 3 A recent study from our group has demonstrated that only about half of our HCC patients evaluated for live donor liver transplantation eventually received the transplantation because a suitable live donor was not available in the other patients. 32 The risk to the donor is also a major concern in live donor liver transplantation for HCC.
The ideal study to resolve the debate of resection or transplantation for small HCC in cirrhotic patients is a prospective randomized trial with overall long-term survival as the primary endpoint. However, it is practically impossible to conduct such a trial because the option of transplantation is limited by the shortage of deceased donor liver grafts. Hence, the appraisal of the relative benefit of transplantation versus resection depends on a critical analysis of long-term survival outcome of cohorts of patients treated with transplantation and resection, respectively. The importance of intention-totreat analysis to include the survival outcome of patients who are put on transplantation waiting list but eventually do not receive transplantation because of tumor progression has been emphasized by previous studies comparing liver transplantation and resection for small HCC. 18, 44 The dropout of patients with aggressive tumors while waiting for transplantation could also result in a bias in tumor characteristics in favor of transplanted patients when comparing patients who do receive transplantation and those treated by resection for apparently similar tumors according to the Milan criteria. This is an important bias that needs to be taken into account when comparing the results of transplantation and resection for small HCC, but the impact of such a bias has not been addressed by previous studies. To our knowledge, this study was the first one to evaluate the impact of difference in tumor aggressiveness on long-term survival in resected patients and transplanted patients with HCC fulfilling the Milan criteria. Our data showed that the 5-year overall survival after transplantation and resection was similar when difference in tumor pathologic features such as microscopic vascular invasion was taken into account, and the treatment itself was not a significant prognostic factor of survival in the multivariate analysis. Hence, we recommended liver resection as the first-line therapy for HCC fulfilling the Milan criteria in patients with compensated cirrhosis, especially in places where the shortage of deceased donor liver grafts is a severe problem.
CONCLUSION
This study shows that there was a significant difference in pathologic features of tumor aggressiveness among patients who underwent resection and those who underwent liver transplantation for HCC fulfilling the Milan criteria. When adjusted for the presence or absence of microscopic venous invasion, there was no significant difference in overall survival after resection and transplantation. This bias in tumor characteristics in favor of transplanted patients as a result of selection while waiting in the transplantation list should be taken into account when comparing survival after resection and transplantation for small HCC.
